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Typeset using REVT E X I. INTRODUCTION Atmospheric neutrinos are produced in cascades initiated by collisions of cosmic rays with the Earth's atmosphere. [1] . Some of the mesons produced in these cascades, mostly pions and kaons, decay into electron and muon neutrinos and anti-neutrinos. The predicted absolute fluxes of neutrinos produced by cosmic-ray interactions in the atmosphere are uncertain at the 20% level. The ratios of neutrinos of different flavour are however expected to be accurate to better than 5%. Since ν e is produced mainly from the decay chain π → µν µ followed by µ → eν µ ν e , one naively expects a 2 : 1 ratio of ν µ to ν e . In practice, however, the expected ratio of muon-like interactions to electron-like interactions in each experiment is more uncertain [2, 3] .
Several experiments have observed atmospheric neutrino interactions. Two underground experiments, Kamiokande [4, 5] and IMB [6] , use water-Cerenkov detectors. These experiments have detected a ratio of ν µ -induced events to ν e -induced events smaller than the expected one [3] . In particular Kamiokande has performed separate analyses for both sub-GeV neutrinos [4] and multi-GeV neutrinos [5] , which show the same deficit.
Although some of the experiments, such as Fréjus [7] and NUSEX [8] , have not found evidence for this anomaly, and others, e.g. Soudan2, are not yet conclusive, the recent Super-Kamiokande data provides a strong support for an atmospheric muon neutrino deficit. This encourages us to reconsider the analysis of atmospheric neutrino data from the point of view of neutrino oscillation interpretation. The recent improved data sample of Super-Kamiokande has now better statistics than achieved in the whole Kamiokande phase.
We also include the new data of Soudan2 [9] in our analysis. These new data as well as the previous experimental results are summarized in table I. Here R µ/e /R M C µ/e denotes the double ratio of experimental-to-expected ratio of muon-like to electron-like events.
The expected ratio R M C µ/e is obtained by folding a prediction for the atmospheric neutrino flux with the properties of every individual detector through a Monte Carlo procedure.
Apart from studying the impact of the new data, our motivation for the present reanalysis of atmospheric neutrino data is theoretical. In this regard, we first of all include the results of a recent calculation of the atmospheric neutrino fluxes as a function of zenith angle [10] , including the muon polarization effect [11] . Moreover, we develop an independent procedure for the comparison of results from different experiments. We demonstrate that our theoretical calculation of the energy distribution of the event rates In this paper we analyze the impact of recent experimental results on atmospheric neutrinos from Super-Kamiokande and Soudan2 on the determinations of atmospheric neutrino oscillation parameters, both for the ν µ → ν τ and ν µ → ν e channels. In so-doing we take into account recent theoretical improvements in flux calculations and neutrinonucleon cross sections. The new Super-Kamiokande data produce a downwards shift in the allowed (sin 2 2θ, ∆m 2 ) region, when compared with pre-Super-Kamiokande results.
Nevertheless we show that the ν µ → ν e oscillation hypothesis is barely consistent with the recent negative result of the Chooz reactor [12] . The sensitivity attained in atmospheric neutrino observations in the ν µ → ν τ channel is also compared with those of accelerator neutrino oscillation searches, for example at E776 and E531, as well as the present CHORUS [31] and NOMAD [32] as well as the future experiments being discussed at present.
II. ATMOSPHERIC NEUTRINO FLUXES
A contemporary calculation of the atmospheric neutrino fluxes consists of a Monte
Carlo procedure that folds the measured energy spectra and chemical composition of the cosmic ray flux at the top of the atmosphere with the properties of hadronic interaction with the light atmospheric nuclei. Since the properties of the secondary mesons are extremely well known, the accuracy of the calculation is determined by the uncertainty of the two sets of assumptions -about the primary cosmic ray flux and about the hadronic interactions on light nuclei.
In order to avoid the uncertainty in the absolute magnitude of the cosmic ray flux experiments measure the ratio of electron to muon neutrinos, which is very stable in different calculations. The absolute normalization of the atmospheric neutrino flux is still very important for the interpretation of the observed muon neutrino deficit. If it turns out that the measured numbers of electron-like interactions agrees with the predictions and there is an absolute deficit of muon-like interactions, the causes must be ν µ disappearance.
If experiments measure the right amount of ν µ and an excessively large number of ν e there must be a reason for ν e appearance, such as ν µ → ν e oscillations or a background process that generates ν e or e ± events in the detectors.
We use the new neutrino flux calculations of the Bartol group [10] which are performed with an updated version of the TARGET interaction event generator. The cosmic ray flux model is discussed in detail in Ref. [10] . The treatment of the hadronic collisions is very similar to that in earlier calculations [13] . There are only minor improvements in the treatment of the resonant region for low energy collisions and in the cross section for production of ΛK pairs above 1000 GeV. The improvements in the low energy (2 -3 GeV) range affects slightly the fluxes of 100 -300 MeV neutrinos, while the kaon spectra at high energy change the neutrino to anti-neutrino ratios above 100 GeV and thus mostly affect the predictions for the flux of upward going neutrino induced muons.
In the absence of geomagnetic effects the fluxes of GeV neutrinos are practically the same as those of Ref. [13] . Much more significant difference is introduced by the improved treatment of the geomagnetic effects [14] . The probability for low rigidity cosmic rays to penetrate to the atmosphere and to produce neutrinos is calculated using a realistic model of the geomagnetic field and accounting for the shadow of the Earth. As a result the neutrino fluxes at experimental locations with high geomagnetic cutoff, such as Kamioka, are significantly lower than in Ref. [13] . At high geomagnetic latitude the new fluxes are comparable to the original ones.
This new set of fluxes, as well as the original one, belongs to a group (together with the calculation of Ref. [15] ) of atmospheric neutrino flux predictions of relatively high magnitude. The expected magnitude of the atmospheric neutrinos was discussed by the authors of different predictions [16] who identified the reason for the differences in the treatment of the nuclear target effect in the hadronic collisions in the atmosphere. Calculations that assume that pion multiplicities in pp and pAir collisions are similar [17] predict low neutrino flux magnitude. The event generator TARGET produces pion multiplicity that is higher by a factor of ∼1.6 in pAir interactions above the resonant region.
The muon fluxes at different atmospheric depths generated with the same code as the new neutrino fluxes were compared to the measurements of the MASS experiment [18] .
The predicted altitude profile of muons of energy above 1 GeV agrees with the measured one extremely well.
III. ATMOSPHERIC NEUTRINO CROSS SECTIONS AND EVENT

DISTRIBUTIONS
For each experiment the expected number of µ-like and e-like events, N 0 α , α = µ, e, in the absence of oscillations can be computed as
Here E ν is the neutrino energy and Φ α is the flux of atmospheric neutrinos of type α = µ, e; E α is the final charged lepton energy and ε(E α ) is the detection efficiency for such charged lepton; σ is the neutrino-nucleon interaction cross section, ν N → N ′ ℓ; θ ν is the angle between the vertical direction and neutrinos (cos θ ν =1 corresponds to the downward direction). For some experiments, such as Fréjus, we also include neutral current events which are misidentified as charged current ones. In eq. (1) κ α is the distribution of h which is the slant distance from the production point to the sea level for α type neutrinos with energy E ν and zenith angle θ ν . We took the distribution from ref. [19] which is normalized as
As discussed in Sec. II, the neutrino fluxes, in particular in the sub-GeV range, depend on the solar activity. In order to take this fact into account we use in eq. (1) and also in sec. IV the averaged neutrino flux defined as follows,
where Φ 
A. Cross Sections
In order to determine the expected event rates for the various experiments we use the neutrino-nucleon cross sections presented in Fig. 1 . We consider separately the contributions to the cross section from the exclusive channels of lower multiplicity, quasielastic scattering and single pion production, and include all additional channels as part of the deep inelastic (DIS) cross section [20] :
The quasi-elastic cross section for a neutrino with energy E ν is given by [21] :
where s − u = 4ME ν + q 2 − m 2 ℓ , M is the proton mass, m ℓ is the charged lepton mass and q 2 is the momentum transfer. For νp → ℓ + n, the same formula applies with the change
The functions A 1 , A 2 , and A 3 can be written in terms of axial and vector form factors:
µ p and µ n are the proton and neutron anomalous magnetic moments and the vector mass, So far we have neglected nuclear effects. The most important of such effects is due to the Pauli principle. Following Ref. [21] we include it by using a simple Fermi gas model.
In this approximation the cross section of a bound nucleon is equal to the cross section of a free nucleon multiplied by a factor ( For single pion production we use the model of Fogli and Nardulli [22] which includes hadronic masses below W = 1.4 GeV. Deep inelastic cross sections are usually described in terms of the variables y = 1 − E ℓ /E ν and x = −q 2 /(2ME ν y). In the parton model
where F 1 and F 3 are given in terms of the parton distributions. For isoscalar targets
In order to avoid double counting we follow the approach of Ref. [20] and we integrate the deep inelastic contribution in the region
The final necessary ingredient are the detector efficiencies given by the experiments.
These are, in general, functions of the incident neutrino energy and the detected lepton energy and flavour. We took these efficiencies from refs. [23] for Kamiokande sub-GeV and IMB, [7] for Fréjus, [8] for Nusex. The efficiencies for the Kamiokande multi-GeV and e-like events for Soudan2 are provided by the experimentalists and for Soudan2 µ-like events the efficiencies are determined in such a way that the energy distributions are well reproduced. For the Super-Kamiokande we are making some approximation based on the information provided also by the experimentalists, as discussed below.
B. Event Distributions
In order to verify the quality of our simulation we compare our predictions for the energy distribution of the events with the Monte Carlo simulations of the different experiments in absence of oscillation. In Fig. 2 we show our predictions superimposed with those from the experimental Monte Carlo for the sub-GeV experiments, Kamiokande subGeV [4] , IMB [6] , Frejus [7] , Nusex [8] and Soudan II [9] . We can see that the agreement is very good. No additional normalization of the event rates has been performed.
Similarly, in Fig. 3 we show the distribution of the fully contained electron-like events and fully and partially contained muon events for the Kamiokande multi-GeV sample compared with the experimental Monte Carlo prediction given in Fig.2 of Ref [5] .
Some comments are due. In order to obtain these distributions we have used detailed experimental efficiencies of Kamiokande for detecting fully contained and partially contained electron and muon events [23] . One must take into account that the Monte Carlo distributions given in Fig.2 of Ref [5] were generated using the fluxes of Honda et al. [15] while we are using the fluxes of Gaisser et al. [13] . Thus we have an absolute prediction for the number of events for Kamiokande multi-GeV data and for their energy distribution which is obtained under the same assumptions for the cross sections and neutrino fluxes than the other sub-GeV experiments. For the sake of comparison we also show in Fig. 5 (upper two panels) the angular distribution of the events for Kamiokande multi-GeV in the absence of oscillations as obtained from our calculation.
In Fig. 4 we plot as in Fig. 2 the expected energy distribution also for SuperKamiokande sub-GeV and multi-GeV data. We also plot in Fig. 5 the angular distribution for Super-Kamiokande sub-GeV (middle two panels) and multi-GeV data (lower two panels). We have used, as an approximation, the preliminary acceptances [24] of SuperKamiokande for 325.8 days for fully contained, 293 days for partially contained events as detection efficiencies for final leptons, for sub-GeV as well as multi-GeV data. In order to obtain the angular distribution of expected events for in the multi-GeV range we have assumed that the lepton direction is the same as the incident neutrino direction. Actually for the Kamiokande multi-GeV data, the average angle between the incident neutrino and the lepton direction is about 15
• . In our calculation we have simulated this difference by smearing the angular distribution with a Gaussian distribution with one-sigma width of 15
• . As seen in Fig. 5 the effect of this approximation is small. At this point it is worth noting that the angular distribution for multi-GeV electrons in the Super-Kamiokande sample is flatter than in the Kamiokande data. The main reason for this zenith-angle shape difference is due to the smaller selection efficiency for the 1-ring e-like events at high energy in the super-Kamiokande analysis [23] . As a result the mean neutrino energy was shifted to lower value and the mean angle between the incident neutrino and the lepton direction becomes larger. We have simulated this effect by increasing the one-sigma width of the smearing Gaussian to 25
• for the super-Kamiokande multi-GeV electrons which effectively flattens the angular distribution as seen in Fig. 5 .
On the other hand, for events in the sub-GeV range we have carefully taken into account the difference between the incoming neutrino angle and the detected charged lepton scattering angle which is a function of the incoming neutrino energy. As can be seen in Fig. 5 this leads to a much flatter expected angular distribution for the sub-GeV neutrinos, in agreement with the prediction from the experimental MC.
We also estimate the expected the ratio in the absence of oscillation as
where N Table II we present our prediction for the expected ratio in the absence of oscillations for the various experiments and compare it with the expected MC results [4] [5] [6] [7] [8] [9] . Table II also displays our prediction for the expected ratio for the Kamiokande multi-GeV and Super-Kamiokande zenith angle distribution.
We see that the agreement between R M C µ/e and our prediction R 0 µ/e are very good for most of the experiments.
IV. ATMOSPHERIC NEUTRINO DATA FITS
We now consider the simplest interpretation of the atmospheric neutrino anomaly in terms of the neutrino oscillation hypothesis. For definiteness we assume a two-flavor oscillation scenario, in which the ν µ oscillates into another flavour either ν µ → ν e or ν µ → ν τ .
A. Data Analysis Procedure
In the presence of two-flavour neutrino oscillations, the expected number of µ and e-like events, N α , α = µ, e is given by
where
and
Here P αβ is the oscillation probability of ν β → ν α for given values of E ν β , cos θ ν and h, i.e., P αβ ≡ P (ν β → ν α ; E ν β , cos θ ν , h)
We note that for the ν µ → ν e channel, Earth matter effects lead to oscillation probabilities which are different for neutrinos and anti-neutrinos. Therefore, we separately compute P αβ in eq. (13) in order to correctly estimate the expected number of events in each experiment (see sec. IV.B for more discussion).
When combining the results of the experiments we do not make use of the double ratio, R µ/e /R M C µ/e , but instead we treat the e and µ-like data separately, taking into account carefully the correlation of errors. Following ref. [25] we define χ 2 as
where I and J stand for any combination of experimental data set and type of events are the error matrices containing the experimental errors and the MC errors respectively.
They can be written as
where ρ αβ (A, B) stands for the correlation between the α-like events in the A-type experiment and β-like events in B-type experiment, whereas σ α (A) and σ β (B) are the errors for the number of α and β-like events in A and B experiments, respectively. The dimension of the error matrix varies depending on the combination of experiments included in the analysis. For each individual experiment, the error matrix has dimension 2 × 2 whereas for the full experimental data set with binning (20 data for each flavor) its dimension is 40 × 40.
With this procedure of treating separately the e-like and µ-like data with correlation of errors, we avoid the non-Gaussian nature of double ratio, as pointed out in ref. [25] .
We compute ρ αβ (A, B) as in ref. [25] . A detailed discussion of the errors and correlations used in our analysis can be found in the Appendix. In Table III we show the values of χ 2 and the confidence level in the absence of oscillation. In our analysis, we have conservatively assumed 30% uncertainty regarding to the absolute neutrino flux, in order to generously account for the spread of neutrino flux predictions in different calculations 1 .
Next we minimize the χ 2 function in eq. (14) and determine the allowed region in the sin 2 2θ − ∆m 2 plane, for a given confidence level, defined as, The effects of combining all atmospheric neutrino data from the various experiments for the ν µ → ν e channel are shown in Fig. 7 . This figure show the allowed ν µ → ν e oscillation parameters for all experiments combined at 90 and 99 % CL. For comparison we have also plotted in Fig. 7 the presently excluded region from reactor experiments, Krasnoyarsk [28] , Bugey [29] and the recent Chooz long-baseline result [12] .
We have so far neglected Earth matter effects [26] , both in Fig. 6 and Fig. 7 . In order to take into account the earth matter effect in our analysis we have separately computed, by numerical integration, the oscillation probabilities, P (ν µ → ν e ) = P (ν e → ν µ ) and P (ν µ →ν e ) = P (ν e →ν µ ). This is necessary, since the matter effect distinguishes neutrinos from anti-neutrinos. We have used the approximate analytic expression for the electron density profile in the Earth obtained in ref. [27] . In order to save computation (CPU) time we have neglected the matter effect for neutrino oscillation parameters in the range,
since the maximum value of the matter potential (at the Earth center) is at most,
and the matter effect on the probability is small if condition eq. (17) is satisfied.
In Fig. 8 we show the allowed ν µ → ν e oscillation parameters for each individual experiment including Earth matter effects. Unlike the previous case where matter effects were neglected, a noticeable new feature in this case is that the Super-Kamiokande multiGeV data now allows large ∆m 2 values, even if binning is taken into account. The allowed ν µ → ν e oscillation parameters for the Super-Kamiokande binned data combined at 90 and 99 % CL including Earth matter effects in shown in Fig. 9 . An interesting feature to note here is that by adding the matter effects the allowed regions lie higher in ∆m 2 than when matter effects are neglected. This is because for smaller ∆m 2 , i.e. when ∆m 2 cos 2θ/2E
is much smaller than V matter the effective conversion amplitude sin 2 2θ m where θ m is the mixing angle in matter, is smaller than that of the vacuum one, i.e. sin 2 2θ. In other words, in this region matter suppresses the conversion and it becomes harder to fit for the atmospheric neutrino anomaly.
The allowed ν µ → ν e oscillation parameters for all experiments combined at 90 and 99 % CL including Earth matter effects is shown in Fig. 10 It is instructive at this stage to compare the region determined by the atmospheric neutrino data fit with the presently excluded region from reactor experiments [29] . The inclusion of the matter effects becomes especially relevant when one compares with the long baseline reactor neutrino data, such as the recent data of Chooz [12] . One sees that at 90% CL the ν µ to ν e oscillation channel is ruled out as a solution of the atmospheric neutrino anomaly.
The results of our In Fig. 13 we give the allowed ν µ → ν τ oscillation parameters for Super-Kamiokande combined at 90 and 99 % CL, while in Fig. 14 we display the allowed ν µ → ν τ oscillation parameters for all experiments combined at 90 and 99 % CL. By comparing Fig. 13 with 
The global fit to all experiments is still slightly better for the ν µ → ν e channel. However, the difference between the quality of the fit for both channels is smaller now than in the pre-Super-Kamiokande era, due to the angular distribution of Super-Kamiokande multi-GeV which strongly favours the ν µ → ν τ channel.
The result of including the information on the zenith angle distribution of the events in the ν µ to ν τ fit is clearly to cut the large values of ∆m 2 , as can be seen in all figures, namely Fig. 11, Fig. 12, Fig. 13 and Fig. 14 .
One point worth noting is that the inclusion of the new Super-Kamiokande data produces a downwards shift in the (sin 2 2θ, ∆m 2 ) region, when compared with pre-SuperKamiokande fits. The importance of the information obtained from the analysis of the atmospheric neutrino data analysis in relation to the results from accelerator experiments such as E776 and E531 and CDHSW [30] as well as CHORUS plus NOMAD combined limits [33] and the prospects for the future experiments being discussed at present can be appreciated in Fig. 14 . One sees that the long-baseline experiments planned at KEK (K2K) [34] , Fermilab (MINOS) [35] and CERN (NOE [36] and ICARUS [37] ) fall short in sensitivity to probe the ν µ to ν τ oscillation parameters. This is in contrast with the region, when compared with pre-Super-Kamiokande results. We have also compared the results obtained in our fits of atmospheric neutrino data with previous results, as well as with the constraints following from laboratory searches for neutrino oscillations, both at accelerators and reactors. For example we have seen that the ν µ → ν e oscillation hypothesis is barely consistent with the recent negative result of the Chooz reactor [12] .
The sensitivity attained in atmospheric neutrino observations in the ν µ → ν τ channel is also compared with those of accelerator neutrino oscillation searches, for example at the present CHORUS and NOMAD as well as at the future experiments being discussed at present. Specially interesting from our point of view are the long-baseline experiments planned at KEK (K2K), Fermilab (MINOS) and CERN (NOE, ICARUS). However, due to the lowering of the allowed (sin 2 2θ, ∆m 2 ) region, it is not clear whether a re-design is needed in some of these experiments, for example MINOS, in order to enhance their sensitivity in testing the atmospheric neutrino anomaly.
Note that, throughout this work we have assumed a rather generous error in the absolute fluxes of atmospheric neutrinos. We have investigated to some extent the effect that a reduced error in the fluxes would have in the determination of neutrino oscillation parameters from the present atmospheric neutrino data. We have found no significant effect in the shape of allowed region when we changed the assumed error in the fluxes from 30 % to 20 %. However, we have noticed a somewhat significant effect of a more accurate ratio of muon-to-electron events. We have found, for example, for Super-Kamiokande, that when we decrease the error in the muon-to-electron-type event ratio from 5 % (10 %) for unbinned (binned) data to 3 % (6%) the allowed region shrinks by about 10 to 15 % sin 2 2θ close to 0.7 or so. There is hardly any effect in the ∆m 2 range determination.
APPENDIX: CORRELATION OF ERRORS
Here we present the errors and correlations used in our analysis. In Table IV we take into account [25] , the flux uncertainty, the MC statistical errors (which depend on the number of simulated MC events) as well as the cross sections uncertainty. The flux uncertainty is taken to be 30% whereas MC statistical errors are estimated under the assumption that the µ and e-like events follow a binomial distribution. Nuclear cross section uncertainties are taken to be 10 % for all the experiments except for Soudan2 for when we used the values, 7.5% and 6.4% for e-like and µ-like events, respectively [9] .
Data errors between different experiments are assumed to be uncorrelated, 
after imposing that the uncertainty in the flavor ratio, σ f lux µ/e = 5%(10%) for unbinned (binned) case [25] . Furthermore we assume that there is no correlation between the subGeV and multi-GeV data.
We note that for both sub-GeV and multi-GeV data, in general, ρ 
